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Abstract		
A novel growth technique for low density, non-icosahedral carbon onion-like structures on Cu surface is 
described. The technique differs with the formation of carbon onions inside the C1+ implanted metal surfaces 
at high temperatures with densities ~ 2 g cm-3 in the form of multishelled icosahedral fullerenes wrapped 
around C60. We report spheroidal cage formation of shell with variable shell thickness, radii and curvature on 
C1+-irradiated Cu surfaces by the accumulating C atoms which emerge out of the edges of the implanted 
sheets and grids. Atom-by-atom C accreting structures grow along the edges, corners and crevices. These, in 
turn, form the open and closed multiple-shelled cages. Variable curvature is the most common feature of the 
growing structures. The growth at room temperature does not ensure sphericity of the cages due to the 
absence of high temperature annealing. These cages have low density (~10-2-10-3g cm-3), hollow interiors and 
often exhibit the conspicuous cage-inside-cage structures. Another feature of the as-grown, non-spherical 
onions is the existence of spherical protrusions with different local radii within the same cage. Formation of 
cages with sizes ~ few nm-hundreds of nm depends upon the irradiation rate C1+ μm-2 s-1. In situ formation 
and transformations of the cages observed under 120 keV electron beam irradiation is described by using a 
nanoelastic model. 
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1.	Introduction	
In the experiments reported here we show that the energetic carbon ions (C1+) irradiated copper (Cu) grids and 
sheets with vertical holes let the carbon (C) atoms to emerge out and form graphitic structures along the 
edges. These structures include nano cages and stacks of graphitic layers. This technique is different as 
compared with C onion growing methods which utilized C1+ ion implantation of Cu at elevated temperatures.  
We do not utilize the implanted C ions to assemble within the host Cu matrix at high temperatures as was 
reported by other researchers [1-3]. A certain fraction of the implanted C atoms are believed to emerge, at the 
end of their implantation range, out of the irradiated Cu grids and sheets’ edges and produce the graphitic 
structures outside the Cu matrix. We show in this communication the production of a variety of nano and 
micro-structures on the surface, at room temperature by utilizing smaller doses of C atoms. This is the 
fundamental difference in our growth technique with those of the other researchers where intense electron 
beams [4-8], arc discharge [9-12], laser ablation of graphite [13,14], high temperature combustion [15,16] and 
high pressure ball milling [17,18] methods were employed. Invariably, in all of these methods the higher 
number densities of the C atoms and the high thermal energy available to the C atoms ensure that the carbon 
onions produced are spherical, icosahedron-inside-icosahedron configurations i.e., 
C60@C240@C540@C960@C1500... These C onions are without hollow interiors and have density approaching 
that of graphite (2.26 g cm-3) [1-7]. Their reported diameters are in the range ~ few to many tens of nm. 
Various C onion producing techniques and the methods have been discussed in the context of the formation 
mechanisms [19-22]. The low solubility of C in Cu at all temperatures and the associated immiscibility gap is 
the basic reason for the choice of Cu for the growth of C nanostructures on the surface or within the solid [23-
25]. In almost all ion implantation experiments, C1+ dose at the desired energy is the main parameter along 
with the high substrate temperature ~700-1000 K. The integrated dose of C1+ ~1017 cm-2 was reported for the 
formation of C onions [1-3, 24,25].  On the other hand, we have implanted ~1015 C1+ cm-2 at room 
temperature and observed that the implantation rate (C1+ cm-2 s-1) rather than the dose is the crucial parameter. 
The emerging C atoms at the end of their implantation range with almost no kinetic energy are the ingredients 
for the sp2 bonds to form. This novel characteristic feature of energetic C1+ irradiated Cu was exploited for the 
present technique. Carbon onions with various shapes and sizes have been seen emerging along with the 
graphitic layers at all stages of C accretion and the subsequent nano and micro structure formation. 
Discontinuous or variable C1+ irradiation rate is likely to produce hollow cages that may be connected with 
each other or take the form that we identify as hollow C onions. Some of these hollow C onions have been 
observed to contain smaller ones: the configuration that we describe as the onion-inside-onion. During 
multiple irradiation sequence at successively increasing C1+ energies the initial batch of graphitic layers, 
sheets and shells are formed along the edges. These are lifted outwards during the next round of irradiation 
resulting in the growth underneath the earlier structures. All subsequent growth occurs beneath the earlier 
ones. This is another essential characteristic of the technique.  A broad range of C nanostructures are 
observed. These include stacks of graphitic layers and cages formed along the 30 μm wide Cu grids used in 
transmission electron microscope (TEM). Similar structures emerged along the inner rings of 120 μm thick 
Cu sheets. The Cu grids and sheets were irradiated with 0.2-0.8 MeV C1+ ions. We present and discuss the 
results obtained using the scanning and transmission electron microscopes of the shapes and forms of these 
structures. Confocal microscopy was employed to confirm the graphitic nature of the objects and to study the 
3 
 
mechanisms by which the C atoms emerge out of the Cu grids and sheets produce the graphitic structures. 
The structures formed with this technique are of very low densities, therefore, the detection by conventional 
tools like the energy dispersive spectroscopy, proton induced X-ray emission, Fourier transform infra red 
spectroscopy and X-ray diffraction could not identify the C cages or the graphitic layers that were clearly 
visible in the scanning and transmission electron microscopic micrographs. The Confocal images clearly 
identify the C structures on and along the sharp surfaces and edges of the irradiated Cu grids and sheets. 
Diffraction spots and rings by electrons in TEM further confirm the graphitic nature of the layers and cages. 
2.	Experimental	
2.1 Method 
The 2 MV Pelletron at GCU, Lahore was used for the implantation of C1+ at various energies and with the 
desired irradiation rates. The first set of targets was the 3 mm OD, 10 μm thick Cu grids with square and 
circular holes. These commercial grids are normally used to support nano particles for observation in TEM. 
Cu grids with 90 μm circular holes and 100 μm square holes were used for C1+ implantation. The second set 
of targets was punched out of the 120 μm thick Cu sheets with 3 mm OD and 1 mm ID circular holes. The 
edges of grids and the sheet holes were observed to be the regions where the implanted C atoms emerged to 
form the graphitic structures. Experiments were performed at energies between 0.2-0.8 MeV. The first series 
of experiments was done where the total dose was maintained at ~5(±1) x1014 C1+ cm-2. Detailed scanning and 
transmission electron microscope examination revealed that the irradiation rate (C1+ cm-2 s-1) is the 
fundamental parameter and must be kept constant during the irradiations at a given energy. It also helps to 
determine the densities of the structures so formed. During the second series of C1+ implantations, a step-wise 
increasing and decreasing energy irradiations in a staircase manner was employed. The same dose (~5 x1014 
C1+ cm-2) at 0.2, 0.3, 0.4, 0.6 and 0.8 MeV was implanted with the cumulative dose of 6 x 1015 C1+ cm-2. The 
initial batch of the targets irradiated with the single irradiation dose at the chosen energy provided us the 
essential information about the growth technique.  
2.2 Procedure 
The C1+ irradiation of Cu grids is performed on a composite target. The target consists of the grids placed on a 
Cu sheet which is held under another Cu sheet with 3 mm diameter holes to hold the grids in place and 
provide the mechanical support during irradiation. The irradiated grids and sheets were investigated with 
scanning electron and Confocal microscopes. The graphitic structures emerging out of the irradiated edges 
could be seen and confirmed in SEM and the Confocal microscopes. The second sequence of the experiments 
also utilized a set of three Cu sheets laid on top of each other. The 120 μm thick Cu sheets were cut as 15 mm 
x 45 mm strips. Two sets of seven holes, in the form of a hexagon around a central one, are punched in the 
two 15 mm x 15 mm sets. The 45 mm long sheets were folded in three overlapping layers; the top one had 
seven 3 mm diameter holes with a central and six peripheral ones, while the layer beneath had seven 1 mm 
diameter holes at approximately the same positions at the centers of the upper sheet’s holes. The last sheet 
acted as the base plate and the recipient of the C1+ ions irradiating through the 1 mm diameter holes of the 
second set of Cu sheets. Each set of the three overlapping Cu sheets was used as the target to be irradiated 
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with C1+ at a given energy. The combined sets were examined in the Confocal and the scanning electron 
microscopes before the 3 mm OD and 1 mm ID discs are punched out from the second Cu sheets for 
examination in TEM. Jeol’s JSM-6480LV scanning electron microscope (SEM) was used to view and 
characterize the C structures that are formed as a result of C1+ irradiations.  The implantation ranges of C ions 
in Cu with energies 0.2-0.8 MeV are ~0.2-0.7 μm which are much smaller than the thickness of the TEM’s Cu 
grids. The graphitic objects are formed along the edges of the 10 μm thick grids and all along the inner edges 
of the 1 mm inner holes of sheets. The density of these objects, as will be discussed in the discussion section 
is very small. At the irradiation rate of ~103 C1+ s-1 μm-2 the structure formed in ~1000 s on Cu grid’s bars of 
30 μm x 30 μm catchment areas acquire a maximum ~109 C atoms. Even if all the irradiated C ions were to 
emerge as C atoms, at the end of their respective ranges in Cu (this being an extreme assumption), the density 
of objects observed is two to three orders of magnitude lower than the density of graphite. The details will be 
discussed later. Two sets of such C structures are shown in Fig. 1(a) and (b). Fig. 1(a) has the irradiated Cu 
grid with circular holes. One such hole is shown that has various objects ~10 μm size emerging out of the 
inner side of the 90 μm circular hole. Fig. 1(b) shows a 15-20 μm thick structure with about 600 μm length 
emerging out of the inner side of the 3 mm diameter hole’s irradiated edge. The two insets in both the 
micrographs show the Confocal microscopic images of the grid and the hole in the sheet. The insets’ images 
were obtained with Olympus Fluoview FV1000 microscope with λ=488 nm to highlight the C structures. The 
bright objects in the insets are the C microstructures against the dark Cu background. 
Confocal microscopy with the appropriate laser light for identifying the C objects not only ensures the 
graphitic origin of the newly formed nano and micro-structures, it also helps in identifying the means by 
which these structures acquire C atoms. In Fig. 2(a), a quarter section of an irradiated 3 mm diameter square 
holed Cu grid’s Confocal image is shown laced with the bright C objects. Similarly, Fig. 2(b) shows the 
central part of a 3 mm diameter Cu grid with circular holes. The circular holes are arranged in a simple cubic 
geometry with large areas of Cu in between that were also irradiated with C1+. Closer examination of these 
regions shows C structures of μm dimensions, in addition to the ones that are formed on and around the 
circular holes. Fig. 2(a) and (b) provide the route of formation of the graphitic structures by the C atoms 
emerging along the scratches and edges. Fig. 2(c) has the C decorated inner and outer edges of the 3 mm 
diameter hole in 120 μm thick Cu sheet. A bright region of ~20-30 μm running all along the periphery of the 
edge seems to be the irradiated carbon’s repository.  The inset in Fig. (2(c) shows the Confocal image of a 
portion of the same edge where small objects can be seen protruding outwards and the differences of the 
Confocal contrasts reveal the presence of the surface in-homogeneities that have been differently decorated by 
the emerging C atoms. 
3.	The	diversity	of	the	structures	produced	by	the	emerging	C	
atoms	
3.1 The gross features of the graphitic layers and cages 
Figure 3(a) is the scanning electron micrograph of a 1 mm diameter hole punctured in a 3 mm outer diameter 
Cu sheet to be investigated in the 120 kV TEM. The sheet was irradiated with an increasing energy sequence 
of C1+ at 0.2, 0.4, 0.6, 0.8 MeV followed by a decreasing energy down to 0.2 MeV. All irradiations were 
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performed at the constant dose of 5x1014 C1+ cm-2. The cumulative dose of C1+ at all irradiating energies was 
6x1015 C1+ cm-2. Irradiations were performed in such a way that the C structures could be formed in distinct 
stages and be distinguishable as separate batches. Our earlier investigations had shown that one could separate 
the C structures formed during irradiations at different energies. The formative process is dependent on the C 
atoms that emerge from inside the irradiated Cu sheets’ edges and corners. All later additions of C atoms to 
the already formed layers or cages are from below. The graphitic structures formed in the earlier phases are 
pushed outwards by the later growth. This fact is demonstrated in Fig. 3(a) where the edges of the sheet are 
decorated with the outward emerging structures. One such formation is encircled on the right side of the 
circular hole decorated with C structures. One can see a large number of similar graphitic structures on the Cu 
base that acts as the beam stop. Figure 3(b) shows the TEM micrograph with enlarged structure shown 
encircled in 3(a). It has a rich variety of structures that are investigated and presented in this communication. 
The large object with about 10 μm x 15 μm dimensions is emerging outwards shown at the lower end. Its 
upper section as seen in SEM had shifted under the 120 keV electron beam to its present position. Its vertical 
posture can be seen in the circled section in the SEM micrograph 3(a). This object has overlapping, variable 
density regions. Most of the work presented in this communication is based on the two boxed sections labeled 
1 and 2 in 3(b). These regions of ~ 1 μm2 dimensions have an extensive range of hollow graphitic structures, 
open and closed are presented and discussed in the later setion. 
3.2 Structure and crystallinity of the graphitic cages 
Fig. 4 has the TEM micrographs of the two regions shown as 4(a) and 4(c). An outward edge near the boxed 
region 1 already shown in Fig. 3(b) is explored in 4(a). It occupies ~0.25 μm2 area. Its diffraction pattern is 
shown in Fig. 4(b) at the black and white circled spot. The concentric rings are due to the irregular, randomly 
oriented graphitic layers. The rings are interspersed with few bright diffraction spots. A larger region of area ~ 
2 μm2 in 4(c) is from the centre of the box 1 of Fig. 3(b). It has a large range of irregular shaped structure with 
inter-connected layers that are studded with variable sized objects. The diffraction pattern from the black and 
white marked circles in 4(c) is shown in 4(d) as the bright rings laced with the diffraction spots indicative of 
the graphitic structures.  
The variety of the cages present in 4(c) is further explored in Fig. 5.  Fig. 5(a) has a larger view of the region 
with two boxed sections. Fig. 5(b) shows the upper left-hand white boxed structure (in 5(a)) enlarged to 
highlight the quasi-spherical objects studded on an underlying layered structure. These are identified as 
carbon onions of ~5-30 nm diameters. The central box in Fig. 5(a) is enlarged in 5(c). It focuses on a much 
larger collection of cages similar to the ones seen in Fig. 5(b). It has a collection of ~ a hundred C onions of 
various sizes, shapes and orientations. These seem to be connected with the underlying graphitic layers. The 
diffraction pattern from the center (Fig. 5(d)) shows couple of rings and many widely dispersed diffraction 
spots – the indications of the irregular shaped graphitic cages. The range of the clearly visible onions is 20-40 
nm in 5(b) and 5(c) where a larger number of smaller ones are also present. The connectivity between the 
distinctly shaped and the separately positioned onions is presumed to be through the broken and the 
perforated layers. The diffraction spots from the centre of 5(c) are shown in the inset 5(d) that confirms the 
crystallinity of the graphitic shells; however, due to the in homogeneities of the C onion shapes and the 
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associated variability of the curvature, the ordering of the spots is difficult. The range and extent of the shape 
and size irregularities will be further illustrated in the next section where the structural details of these C 
onions are discussed. 
3.3 Approximation of the density of a typical stack of graphitic layers  
Let us investigate the nature and the density of a typical graphitic stack of layers formed by the C atoms 
emergent from the irradiated Cu grids and sheets. Fig. 6(a) has such a stack whose diffraction pattern was 
shown in Fig. 4(b) comprising of rings. The stack with dimensions 600 nm x 300 nm  x 300 nm has volume 
~5 x107 nm3. The irradiation rate was between 2-5 x 103 C1+ μm-2 s-1 to deliver 6x106 C1+ μm-2. Thus the stack 
shown in Fig. 6(a) of surface area of ~2 μm2 with an assumed ten times larger catchment area will yield a 
maximum of about 2x107 C atoms during 1000 s irradiation. The maximum calculated density of the stack is 
about 2x108 C μm-3. This is three orders of magnitude less than the density of graphite @2.26 g cm-3 or 
1.13x1011 C μm-3. Fig. 6(b) enlarges the boxed region of Fig. 6(a) with two outward protruding hollow shelled 
structures emerging from the underlying stack’s outer periphery. The calculation of the approximate density 
of the stack can be used to evaluate the nature of these two half spherical cages superposed on a low density 
graphitic stack. It is emphasized again that these two shells were formed in the earliest phase of the stack’s 
formation by the emerging C atoms, therefore, the structural similarities between these and the underlying 
stack can be assumed. The shells are ~3-5 nm thick with hollow interior. This seems to be the typical 
thickness of the overlapping layers in the stack. 
4.		The	as‐grown	carbon	onions	
The nm sized objects present in figures 4, 5 and 6 were labeled as C onions. This is despite the fact that the 
densities of these cages formed during C ion implantation are much smaller than the density of graphite. In 
addition, our samples are kept at room temperature and the high temperature annealing required for the 
increased mobility, bond making and re-making is not available to the as-grown nanostructures formed by the 
accretion of the emerging C atoms out of the irradiated Cu sheets. In this section we investigate the detailed 
nature and the densities of the as-grown C onions and their manipulation with 120 keV electrons of TEM. 
4.1 Closed top, open bottom C onions 
Evidence is presented of C onions growing as a bunch of cages emerging out of the graphitic layered network. 
These C onions can be seen sticking to each other having partially open cages. Fig. 7(a) shows more than 
three dozen cages stuck together and emerging out of the graphitic layered base. The average cage size is 
~30±5 nm. The ones that are hanging from the sides seem to be open in the section below through which C 
accretion may have taken place but the cages lifted outwards without the cage closure. Majority of the cages 
are in a state of imperfect closure. The upper part of the shells, on the other hand, seems more spherical and 
comparatively closed. Fig. 7(b) and its inset show the enlarged sections of the top and the bottom of the 
partially open cages. These cages seem to have been formed by accreting C from below resulting in the shell-
inside-shell structures. The comparatively perfect hemispherical shells are due to the earlier stages of growth.  
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To investigate the causes of failure of the cage closure we performed an extended, intense electron beam 
irradiation experiment. Fig. 8 shows the effect of the continued irradiation with beam of intense 120 keV 
TEM electrons on the assembly of the interconnected, partially open C onions shown in Fig. 7. Six TEM 
micrographs are shown in Fig. 8(a-f). These were obtained during continuous electron beam irradiation. The 
C atoms were continuously being removed from the cages as the primary knock-on in head-on collisions with 
120 keV electrons. The movement of the hind leg-like portion is counterbalanced by the rise of the front 
section with the eventual collapse of the whole bunch of cages towards the graphitic base to which it remains 
connected. The structures have shown maneuverability in terms of the reduction of the intra- and inter-cage 
bonds during 120 keV electron beam irradiation for 60 min. The removal of the C atoms in head-on collisions 
with 120 keV electrons leads to the creation of large number of vacancies in the cages’ existing open 
structures. The collapse of the whole collection of cages shown in Fig. 8(f) indicates the breaking of 
significant number of bonds both within and across the interconnected C onions. 
4.2 The irregular shaped, close-caged, hollow C onions 
Fig. 9 shows the enlarged central portion of the graphitic layer studded with lot of cages that were already 
shown in Fig. 5(c). Six TEM topographs of ~ few dozen distinctly formed C onions are shown lying or 
connected to a graphitic base. Majority of these contain cages within cages that are described as the C onion-
inside-onion. The successive micrographs show the structural changes of the onions under continuous 120 
keV electron beam over 1200 s. A total of 44 micrographs were obtained. Six of these are shown here. The 
diameter of the white central ring around the scale bar on the fluorescent screen is 265 nm. The white circle in 
the centre of the topographs is to guide the eye in monitoring the irradiation induced changes. Here again one 
observes the changes induced by the energetic electrons knocking off C atoms leading to the shrinking and 
modifications of the size and shape of the cages. Sharp corners are smoothed; few of the cages gradually 
disappeared while others coalesced with each other. The structural changes involve the loss of C atoms. These 
C onions have a larger variety of shapes and sizes as compared with those shown in Fig. 7. The six chosen 
micrographs capture the dynamics of the fragmentation and reformation of the low density, hollow C onions. 
The main observations of the electron induced structural changes are: (a) Most C onions are distinct, 
separated from each other with sizes varying from 20 to100 nm. (b) These onions are strung to the graphitic 
layers above and below. (c) Amongst a wide range of shapes, the smaller ones appear more spherical than the 
larger cages. (d) The variations of shapes, density and curvature indicate hollow C onions with non-spherical 
inner and outer shells. (e) The variable curvature of the corners and edges seem to adjust to the local strains in 
the closed structures. (f) Majority of the larger ones appear to contain distinctly formed, smaller C onions 
inside. 
4.3 The coalescing C cages 
The investigations with 120 kV TEM of the C onion structures involving the changes induced by the 
energetic electrons and the effect of C removal in C onions that are connected with each other are depicted in 
Fig. 10 (a-b). The structural changes induced in the large (≥100 nm) and the smaller (≤20-40 nm) cages are 
shown to occur through the coalescence of the smaller cages as can be seen by comparing Fig. 10(a) with 
10(b). In Fig. 10(a) two large and many smaller elliptic cages are shown connected with a much larger (~200 
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nm diameter x 500 nm length) graphitic structure. The smaller cages are emerging out of the larger one. 
Under intense 120 keV electron beam the smaller onion-like cages on top of the structure in Fig. 10(a) 
coalesced and produced the larger cages shown in Fig. 10(b). Coalescence of the smaller onions has produced 
comparatively larger, interconnected, spheroidal structures with variable densities. Another feature of the 
reformed C onions is that these remain connected with each other. The large kidney shaped cylindrical cage 
with ~100 nm diameter and 400 nm long can be seen on the left in Fig. 10(a) prior to being irradiated by the 
electron beam. The irradiation induced changes occurred in its outward convex curvature supplemented by 
the appearance of two types of nanostructures that are boxed in Fig. 10(b) and enlarged in Fig. 11. The largest 
structure in Fig. 10 shows diffraction spots from the beam that was focused at centre of the embossed 
diffraction pattern. One can see that crystallinity of the objects is graphitic with wide range of overlapping 
planes in the large cage containing many smaller spheroidal, onion-like structures.  
4.4 The emergence of hollow, C cages under 120 keV electron irradiation 
In Fig. 11 the boxed portion of Fig. 10(b) is enlarged and the new emergent structures are shown with arrows. 
These nanostructures have grown by accumulating the emerging C atoms under electron beam bombardment. 
Here again the emergence is from within the irradiated graphitic substrate. Out of the six structures identified 
by arrows, the central ellipsoid pointed by a white arrow is a C onion-inside-onion in the making with ~30 nm 
x 45 nm dimensions. Black arrows point to five new hollow multiwalled nanotube-like objects with 5-7 shell 
thickness and different heights ~ 10-40 nm. The 120 keV electrons induced in situ formation of the different 
stages of the onion and nanotube growth out of the graphitic surface show similarity with similar mechanisms 
of formation by the C atoms emerging from within the C1+ irradiated Cu surface.  
4.5 Estimation of the as-grown C onion densities 
Multi-shelled C onions formed as a result of electron irradiation of soot or other high temperature experiments 
like arc discharge, have been shown to possess structures with C60 as the seed around which higher 
icosahedral fullerene shells are wrapped; the arrangement for a five shelled onion is described as 
C60@C240@C540@C960@C1500  [26]. The essential condition for the adjacent fullerenes is to maintain the inter-
shell spacing of 0.334 nm. Such C onions can yield density of graphite (2.26 g cm-3). The high energy and 
intensity electron irradiation of soot [7-10] and the onions produced by energetic C ion implantations in Cu at 
high temperatures have confirmed the formation of the spheroidal multi-shelled C onions without the hollow 
inner regions [1-3]. In the present communication, we are reporting the formation of low density C onions 
formed by the C atoms emerging from the irradiated Cu sheets at room temperature. To estimate such cages’ 
density, let us consider the two sets of the C onions shown in Figs. 7 and 9. The average diameter is about 35 
nm. In such an onion one must have about 50 shells with C60 at the center with inter-shell separation of 0.334 
nm. The total number of C atoms in an onion with n shells is 20n3 [Appendix A]. That yields 2.5 x 106 C 
atoms in each C onion of 35 nm diameter. Fifty C onions would consume ~107 C atoms. The total number of 
the C atoms available in the region where these onions are formed can be worked out by assuming that the 
irradiated catchment area of the two sets of the C onions (Figs. 7 and 9) is ~1 μm2. On the basis of the total C 
dose ~106 μm-2, 106 C atoms would be implanted in 1 μm2 of Cu. A fraction will emerge out; another fraction 
of the emerging C atoms will be consumed in forming the C onions in addition to the graphitic base 
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underneath. That leads us to the conclusion that at least two orders less C atoms would be available for the C 
onions that we have observed. This provides us an estimate of the density of C onions ~10-2 g cm-3. The as-
grown C cages formed at room temperature by the accumulation of the emerging C atoms outward from the 
irradiated Cu are most likely to have low densities resulting in hollow structures. 
	5.	Mechanisms	for	the	growth	and	reformation	of	the	hollow	
carbon	onions	
Curvature-related elastic properties of the C shells including the fullerenes, C onions and C nanotubes, can be 
derived to describe the patterns of growth of the shelled nanostructures. Not only the growth but the 
reformation of the imperfect spheroids can also be explained under the conditions where C removal from the 
cages occurs [26]. Spherical shells require the tangential stresses to produce uniformly distributed strain; that 
only happens in the icosahedral C60 grown in high temperature environments or in the well annealed, multi-
shelled carbon onions [1-7]. Deviations from perfect sphericity as would occur in the case of C240, C540 and 
the larger free standing fullerenes, have been explained in the nanoelastic C cages by including stretching of 
the cage shells as the first order and bending as the second order effects. The departure from perfect sphericity 
is illustrated graphically in Fig. 12(a). It can be considered a typical large (>C60) icosahedral fullerene with 
(twelve) outward protruding corannulenes superimposed on an inner shell of radius R with shell thickness t. 
The magnitude of the protrusion ζ is the difference between the circumscribing and inscribing radii of the 
appropriate Goldberg polyhedral spheres.  Fig. 12(a) is the graphical representation of an otherwise perfect 
sphere that has built-in protrusions. The role played by these outward protrusions was discussed elsewhere in 
the context of the growth habits of the carbon nanotubes [27], here we present the essential features from the 
model that are relevant for describing the growth and reformation mechanisms of C nanostructures with 
emphasis on the onion-like cages shown in Fig. 11. The departure from perfect symmetry in the form of the 
protruding curved surfaces emerging out of the spherical surfaces can be defined by two additional 
parameters as indicated in Fig. 12(a); the width of the meridianal strip  d~√tR that surrounds the outward 
bulge and the local radius of curvature (1/r).   The emergence of the protruding bulge indicates the existence 
of an in-built internal force whose magnitude can be determined from the extent of the bulge (Fig. 12(b)). 
This outward lifting force fo can be evaluated by considering the bending and stretching energies in the defect 
volume ζ 2R. It is evaluated as fo≈Yt5/2(ζ1/2/R), where Y is the elastic modulus. We can derive an expression for 
the measure of the protrusion ζ to relates the internal stress P with the curvature in the defect volume and 
obtain ζ≈Y2t5/(R4P2). In this equation ζ increases when P reduces leading to an inverse relationship between ζ 
and P. Thus an unstable equilibrium is established where the bulges with large ζ grow on their own while the 
smaller ones shrink. This happens at the stages of C accretion and removal from the cages. A critical value of 
P exists for ζ ≈t beyond which even small changes in the shape of the shells increase spontaneously; Pcr≈ 
Yt5/2/(ζ1/2R2) [27]. In Fig. 12(b) the effect of fo  on an otherwise perfect spherical shell is shown and its 
quantitative value for the fullerenes with large radii and the associated pentagonal protrusions superimposed 
on an internal sphere with radii R is shown in Fig. 12(c). Also plotted in 12(c) is the critical stress Pcr  as a 
function of the large fullerenes’ radii. The slowly varying outward lifting force fo  has R-1 dependence. This 
force is effective in conditions where the initial curved surfaces start to form and are lifted outwards. In the 
case of cages with protrusions the critical stress Pcr reduces as R-2. The outward protruding bulges associated 
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with large spherical structures lead to the buckling of the cages at smaller critical stresses. Hence the stable 
growth of the C cages, nanotube-like or onion-like, depends on the cage thickness (t) and the local radius of 
curvature (1/r) that eventually defines ζ. The above mentioned model was developed for large, independent 
fullerenes (>C60) but it is valid for all the cages with volume defects like the outward bulging surface 
protrusions. The appropriate thickness t and the value of Young’s modulus Y will have to be invoked to get 
realistic estimates of the forces and the critical stresses. C removal is likely to transform the protrusions or the 
bulges of the cage with smaller radii into larger ones. The net effect of the changes induced is to stabilize the 
structures. Prolonged electron irradiations tend to remove the excessive strains introduced by the variable 
radii within the same cage –as was seen in the structural changes of Fig. 10(a)→10(b).  
The C cages shown in Figs. 3-10 can be understood by comparing with the energetic electron induced 
transformations. In Fig. 13(a) the in situ grown structures shown in Fig. 11 are reproduced with the 
background removed. Here two distinct but structurally related C nanostructures are formed by the C atoms 
that are released by 120 keV electrons from the underlying graphitic surface. shown in 13(a). The graphical 
representation of the growth mechanisms of such nanostructures is presented in four sequences 1-4 in Fig. 
13(b). The structure underneath the irradiated region and the rate of flow of the emerging C atoms determine 
the curvature and the lateral extent of the newly forming C layers (step 1). For a steady flow of C, shells-
inside-shells grow without significant variations in diameter resulting in the multishelled nanotube-like 
features (step 2). For increasing outward flow of C one is likely to obtain onion-like structure (step 3). 
Discontinuous or variable C flow rates are likely to yield onion-inside-onions (step 4).  Majority of the C 
onions seen in Figure 6 belong to this category. Such an object can also be seen in the TEM micrograph Fig. 
10(a). In situ growth of an onion-inside-onion and the six hollow nanotubes is proposed to be due to the C 
atoms released by the 120 keV electrons from the outer surface of the large graphitic cage. One finds 
similarities by comparing the C onions formed by C atoms which emerge from the irradiated Cu surfaces or 
the ones that are released by breaking the sp2 bonds of the graphitic structures by 120 keV electrons. We 
believe that the latter explains the routes to the cage formation of the former. 
6.	Density	comparison	of	onions	
We have introduced a new technique of sp2-bonded nanostructure formation where the C atoms emerging 
from within the C1+ irradiated Cu produce a wide range of graphitic configurations. Low density, multiple 
layered structures and a broad range of C cages with sizes from few to tens of nm have been observed. The 
experimental evidence was provided for a wide variety of C nano cages with different shapes, sizes and shell 
thickness by accumulating the emerging C atoms out of the irradiated Cu grids and sheets. The variety of C 
cages include the partially open cages, the closed cage structures, C onion-inside onions and those cages that 
were in various stages of their growth. Larger caged structures with dimensions ~few hundred nm produced 
by the coalescence of smaller cages were shown. The structure formation occurs at room temperature in high 
vacuum without the presence of any catalyst (e.g. Fe, Co or Ni). Formation of the C cages at room 
temperatures forbids the Stone Wales transformations by C–C bond rearrangements to occur [28]. This 
rearrangement can smooth out the sharp corners resulting from the abutting pentagons in fullerenes and the 
hemispherical ends of the C nanotubes. It can occur with thermal activation [1-3, 9-16], or without thermal 
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activation by the energetic electron beam-induced breaking and remaking of the C–C bonds [4-7, 22]. 
However, the density of the C cages achieved by annealing or electron beam irradiation of soot is of the order 
of graphite density (~2 g cm-3). Our technique, on the other hand, produces C cages with three orders less 
dense; therefore, the C removal under 120 keV electrons in our TEM did not produce the C onions with shell–
inside–shell of the type C60@C240@C540@C960@C1500@.... Under electron irradiation the C onions (Figs. 9-
11) changed their shapes and reduction in the sharpness of the corners occurred. Cages coalesced but the high 
density; perfect spherical C onions were not produced. This is due to the inherent low density of the cages and 
the absence of thermal activation. The rate of the C1+ irradiation and the routes that C atoms take to escape 
from within the Cu lattice determine the nature and type of the C onions and the graphitic layers that are 
formed. The spherical and cylindrical curvatures are seen as the essential features of the nanoelastic response 
of the cages by which the C onions and the graphitic layers accommodate variations in the C accretion rate 
and the Cu surface irregularities in and around the region of C emergence. Patterns of the cage formation 
yield the diversity of the curvature in the C onions that have been presented in this communication. We have 
proposed a growth mechanism for the hollow, irregular shaped C cages by utilizing a model developed to 
describe the growth habits of the large fullerenes and C nanotubes [26,27].  The in situ growth of C onion-like 
and C nanotube-like structures with 120 keV electron irradiation of a large graphitic structure has similarities 
with the cages grown by the accretion of C emerging from the irradiated Cu. The experimental evidence and 
the model based on the elastic properties of the nano C cages were used to describe the growth and the 
reformation of the C onions.  
7.	Conclusion	
Evidence for the formation of low density, irregular shaped, hollow C onions on C1+ irradiated Cu grids and 
sheets at room temperature was presented. The routes and patterns of formation and transformation of these 
cages were investigated with Confocal, scanning and transmission electron microcopies. Curvature of the 
closed cages seems to be the natural outcome of the growth of the atom-by-atom accretion of C. The C1+ 
irradiation rates determine the shape, size and the number of shells of these onion-like structures. C1+ 
irradiation doses ~ 1015 cm-2 with irradiation rates ~103 cm-2 s-1 yield widely dispersed graphitic cage growth 
along the edges of the irradiated Cu. The outcome of variable C accretion rates seems to produce large 
ensembles of multishelled closed cages with variable radii and shapes. The individual C onions are shown to 
gain or lose C atoms under energetic electron irradiation with the changes of shape, density and radius. 
Smaller cages were seen to coalesce to form larger ones. In situ formation and transformation of cages under 
120 keV electrons identify the mechanisms of growth and cage shrinkage. Possible applications of such low 
and maneuverable density C onions may be to produce nanostructures with variable density of states (DOS) 
having selective absorption and emission properties. The hollow interiors could be filled with suitable filling 
materials to be used as quantum dots. The effect of high temperature annealing on selective cages can be used 
to study formation of cages with specific characteristics like outer and inner cage diameters, shell thicknesses 
and adhesion to graphitic sheets, for example.  
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Appendix A 
The calculation of the total number of C atoms in an onion can be done by adding the C atoms in each shell. 
The number of C atoms in the icosahedral fullerene shell C60, C240, C540,..… follow the empirical formula 
Nn=60n2, where n identifies the fullerene shell; n=1 for C60, 2 for C240, 3 for C540 and so on. For a C onion of 
the type C60@C240@C540@C960@C1500@C2160...The sum of the atoms in all shells of the onions is 
ΣNn=60Σn2=60(1/6(n+1)(2n+1)))≈20n3 (for n>10). Such an onion has the density of graphite ~ 2 g cm-3. 
Figure Captions 
Fig. 1- SEM micrographs of the irradiated Cu grid and a sheet. (a) 10 μm thick Cu grid with 90 μm diameter 
holes, irradiated with 0.2 MeV C1+ show the circular edges decorated with C microstructures. Inset: Confocal 
microscopic image of the grid shows bright C objects along the circular edges. (b) A 600 μm long object 
emerging out of the inner edge of a 3 mm diameter hole in 120 μm thick irradiated Cu sheet. Inset: The same 
object in its Confocal image against the dark Cu background. 
Fig. 2- The Confocal microscopic images of the irradiated Cu grids and sheets with edges in (a) and (b) show 
areas ~ 1mm2 from the C1+ irradiated Cu grids with square and circular holes. (c) The SEM micrograph 
showing the irradiated 120 μm thick Cu sheet with 3 mm diameter hole; the circular edge are decorated with 
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the growth of C microstructures. Inset: A selected portion with the Confocal image showing bright C objects 
grown along the edge. 
Fig. 3- The scanning and transmission electron microscopic images of the C micro and nanostructures. (a) A 
SEM micrograph of the irradiated 120 μm thick Cu sheet with 1 mm diameter hole showing the highly 
decorated edge with large objects emerging out of the edge. (b) TEM image of the circled portion in (a) 
showing a 10 μm x 15 μm graphitic structure. The boxed regions numbered 1 and 2 are explored in the later 
figures. 
Fig. 4- The two selected regions of the graphitic object shown in Fig. 3(b) are shown as TEM micrographs in 
4(a) and 4(c). These are the images of the two outward protruding graphitic structures with their diffraction 
pattern shown in (b) and (d), respectively.  
Fig. 5- The C onions of a variety of shapes strung on graphitic layers. (a) An area of ~ 1μm2 shows a rich 
variety of inter-connected graphitic layers studded with large and small cages. Two boxed regions are pointed 
for enlargement. (b) The white boxed region is enlarged to show an assembly of a large number of C onions. 
(c) A large collection of ~100 C onions is connected to a graphitic network of layers. (d) The diffraction 
pattern from the centre of the onions sheet in 5(c) showing large number of spots indicative of the graphitic 
crystallinity. 
Fig. 6- A stack of the inter-connected graphitic layers. (a) A large graphitic stack of volume~5 x 107 nm3 
shows two hollow, hemispherical nano shells protruding outwards. These are further enlarged in (b). The 
outer shells of ~3 nm thickness highlight the inner hollow regions.  
Fig. 7- A batch of the inter-connected C onions emerging from a graphitic base; the average diameter is about 
30±10 nm. (a) The upper halves seem in higher state of spherical perfection and are closed. (b) The partially 
open lower halves of the C onions are shown. Inset: An enlarged view that highlights the structural features of 
these C onions. 
Fig. 8- The effect of the continuous, intense 120 keV electron beam irradiation on the batch of outward 
protruding onions shown in Fig. 7 is displayed here 8(a)–(f). The changes in the assembly as a whole and in 
the individual C onions are due to the knocking off of C atoms and breaking of the intra-onion bonds. 
Fig. 9- The electron beam irradiation damage to a large number of hollow C onions spread perpendicular to 
the beam direction shown in six consecutive TEM micrographs 9(a)-(f). These micrographs were obtained at 
regular intervals during the 1200 s after the first one. Large displacements, modifications, coalescence and the 
annihilations can be identified on close examination.  The 265 nm diameter white circle in the micrographs is 
to guide the eye and to highlight the ongoing structural changes. 
Fig. 10- The electron induced coalescence of the smaller C onions into larger ones and the shape changes of 
the larger graphitic cages. (a) A collection of three large (≥50 nm) and many smaller C onions, all sticking 
together in their pristine positions is shown in the first TEM micrograph. (b) After intense 120 keV electron 
beam irradiation in TEM for 600 s the smaller ones coalesced into larger C onions that have relatively well 
defined surfaces. Inset: the white box has the diffraction spots from the center of the large graphitic cage.  
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Fig. 11- In situ formation of the hollow onion-like and nanotube-like structures. The boxed region in Fig. 
10(b) is further enlarged to reveal the six new, multi-walled C nanotubes of ~2-3 nm thick shells. These 
emerged out of the reshaped, larger graphitic caged structure under 120 keV electron irradiations. Inset: 
shows the diffraction spots from the centre of the large cage. 
Fig. 12- The model of a nanoelastic icosahedral cage is shown in (a) with outward protruding regions along 
the axes of the corannulenes of a typical large fullerene superimposed on a central spherical cage of radius R; 
ζ –the measure of the protrusion, t –the shell thickness, r –the local protrusion radius, d –thickness of the strip 
around the protruding region containing the major part of the elastic energy. (b) shows the outward lifting 
force f0 that is plotted along with the critical stress Pcr in (c) for a range of large fullerene shells. 
Fig. 13- (a) The in situ growth of the nanotube-like and the onion-like structures in Fig. 11 is reproduced with 
the background removed to relate the new growth with the graphical model presented in (b). (b) Four 
proposed stages (1-4) of formation of the multi-walled C nanotubes or multi-shelled C onion-inside-onion are 
graphically represented. The emergence of C from under the Cu surface is shown to define the mechanism of 
formation. 
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